In the past few years, the growing need for alternative power sources has generated considerable interest in the field of energy harvesting. A particularly exciting possibility within that field is the development of fabrics capable of harnessing mechanical energy and delivering electrical power to sensors and wearable devices. This study presents an evaluation of the electromechanical performance of hollow lead zirconate titanate (PZT) fibers as the basis for the construction of such fabrics. The fibers feature individual polymer claddings surrounding electrodes directly deposited onto both inside and outside ceramic surfaces. This configuration optimizes the amount of electrical energy available by placing the electrodes in direct contact with the surface of the material and by maximizing the active piezoelectric volume. Hollow fibers were electroded, encapsulated in a polymer cladding, poled and characterized in terms of their electromechanical properties. They were then glued to a vibrating cantilever beam equipped with a strain gauge, and their energy harvesting performance was measured. It was found that the fibers generated twice as much energy density as commercial state-of-the-art flexible composite sensors. Finally, the influence of the polymer cladding on the strain transmission to the fiber was evaluated. These fibers have the potential to be woven into fabrics that could harvest mechanical energy from the environment and could eventually be integrated into clothing.
INTRODUCTION
The constant decrease in size and power requirement of electronic devices is making batteries increasingly undesirable. During the last decade, the search for alternative power sources that would be more suitable for the fast-growing number of wireless sensor networks and portable consumer electronics has generated enormous interest in the field of energy harvesting [1] [2] [3] . This term generally refers to the concepts and methods of extracting one form of energy (typically mechanical, solar or thermal) from the environment and transforming it into usable electrical energy. One of the most discussed approaches consists in using piezoelectric materials to convert mechanical energy into electrical energy. Because these materials have been employed for more than a century in numerous applications, a vast amount of literature can be found on piezoelectric transduction, but the majority of recent energy harvesting applications essentially rely on the incorporation of ceramics into structures subjected to mechanical excitations, often exploiting structural resonances [4, 5] . The work presented here departs from this traditional approach and aims at studying the possibility of integrating piezoelectric materials into fabrics that could be used to harness power from the environment (in the form of wind or current harvesting banners, for example) or even from human motion (in the form of stretchable clothing). A relatively small amount of work has been reported in this area. Flexible piezoelectric polymers have been evaluated for wind harvesting [6] and even rain harvesting [7] , but they suffer from low efficiency. They have also been used more successfully as shoulder straps for an energy harvesting backpack [8] . Recently, new technologies such as zinc oxide nanowires [9, 10] , zinc oxide nanoribbons [11] , and nanothick lead zirconate titanate (PZT) ribbons [12] have been proposed as the basis for wearable energy harvesting devices, but they appear to be limited to powering nanosystems. Flexible composite sensors incorporating PZT fibers in a polymer matrix have been developed [13] and tested for potential wearable applications [14] , but do not lend themselves to largescale integration into fabrics. Here, we propose to use individual hollow PZT fibers that could be directly woven into fabrics. The ferroelectric properties of single fibers have been studied before [15] , but their electromechanical performance has not been evaluated in terms energy harvesting efficiency. The object of this preliminary study is to evaluate this http://www.jeffjournal.org Volume 8, Issue 1 -2013 performance and to compare it with that of existing sensors. The next section details the advantages of using hollow PZT fibers over existing technology as the basis for piezoelectric fabrics. The fiber preparation and testing are then described.
PIEZOELECTRIC

MATERIALS AND STRUCTURES FOR ENERGY HARVESTING
Monolithic (bulk) piezoelectric materials can inherently convert mechanical energy into electrical energy. Figure 1 illustrates one of the most basic configurations used to achieve this type of conversion: the piezoelectric material is poled along its thickness (the 3-direction) and a periodic mechanical strain is applied along its length (the 1-direction). Such a vibrating piezoelectric material behaves like a power source with capacitive impedance, and the available electrical power is given by ,
where C is the capacitance of the sensor, V is its voltage output, A is the surface area of the electrodes, t is the thickness of the material, d 31 is the piezoelectric strain coefficient, ε X 33 is the dielectric permittivity coefficient at constant stress, s D 11 is the elastic compliance coefficient at constant electric displacement, S 1 is the strain and f is the excitation frequency. Note that this equation represents the maximum theoretical electrical power available from the piezoelectric material, and does not take into account the inevitable losses associated with the required circuitry to deliver the power to a load. Since this preliminary study only deals with the comparison of the performance of different types of piezoelectric sensors (and does not concern itself with the design of an actual energy harvester), these circuitry losses are systematically omitted in what follows. The expression inside the brackets in Eq. (1) depends only on the electromechanical properties of the material, and is a measure of the conversion efficiency of a given piezoelectric material. The value of this expression is typically two orders of magnitude larger for ceramics than for polymers, therefore making the former material the preferred choice in energy harvesting applications. On the other hand, the mechanical rigidity and brittle nature of ceramics is clearly a drawback for applications where flexibility is required, such as integration into fabrics. This dilemma is resolved in a novel kind of commercially available sensors. These Piezoelectric Fiber Composite (PFC) sensors, manufactured (among other companies) by Advanced Cerametrics Inc., and shown in Figure 2 , incorporate solid-core PZT fibers inside a passive polymer matrix with interdigitated electrodes. The main advantage of the PFC sensors is that they combine the mechanical flexibility of polymers with the large transduction capabilities of ceramics, and constitute in fact the state-of-the-art technology for flexible energy harvesting sensors. Their principle is illustrated in Figure 3 . The electrodes are used to pole the PZT fibers along their length (now the 3-direction) and the sensor therefore operates in the d 33 mode when subjected to the same kind of mechanical excitation as the one described in Figure 1 . Although more difficult to predict theoretically, the available electrical power of the PFC is similarly dependent on the same quantities as those appearing in Eq. (1) Figure 3 . This results in a smaller d 33 than theoretically achievable for a given volume of piezoelectric ceramic. Furthermore, previous authors have noted that the interdigitated electrode pattern results in a smaller capacitance than that corresponding to a parallel plate configuration [16] . Finally, the capacitance is also further reduced by the presence of the polymer layer in between the electrodes and the PZT.
To address these problems, and to facilitate the potential integration of PZT materials directly into fabrics, the following approach, illustrated in Figure  4 , is proposed. Small diameter hollow fibers are electroded on the inside and on the outside, and the electrodes are used to pole the fibers radially. In this case, the electrical power is given by (2) where r i and r o are the inner and outer radii, respectively, and L is the length of the fiber. In addition to achieving full volume polarization, this configuration maximizes the sensor capacitance by having the electrodes in direct contact with the piezoelectric material. The only drawback is the reliance on the less effective d 31 mode (as opposed to the d 33 mode in the PFCs). It is anticipated, however, that the advantages of the contacting electrodes will overcome this drawback. The fibers are then coated with a polymer cladding for protection and ruggedness, resulting in an overall structure similar to that of an optical fiber. The coated fibers can then be directly woven into fabrics for energy harvesting purposes 
HOLLOW FIBERS EVALUATION Fiber Preparation
PZT 5A fibers were obtained from Smart Material Corporation. The only size available at the time of the purchase was 1 mm OD, 0.6 mm ID (0.2 mm wall thickness) with a length of 150 mm. These fibers are rigid, but the company also produces 0.4 mm OD fibers with 0.1 mm wall thickness, which is mechanically flexible. Smaller sizes are achievable, but are not in regular production.
Obviously, the main challenge for electrode deposition on these fibers is to get a reliable electrode on the inside. Because of the large length to inside diameter ratio, traditional techniques such as sputtering are not viable options. Instead, an electroless plating technique was adopted, whereby the fibers were immersed for 90 minutes in a bath of nickel chloride and sodium hypophosphite (Buehler Edgemet® Kit) at 85 o C. The procedure deposited a layer of nickel approximately 25 µm thick on the inside and the outside of the fibers, as shown in Figure 5 . Electrical leads were directly soldered onto these nickel electrodes. The fibers were then poled with an electric field of 2.5 MV/m at 200 o C for 24 hours. The field was maintained while the fibers were allowed to slowly cool down to room temperature.
Some of the fibers were coated with a polymer cladding. The approach was to use a special kind of commercially available heat-shrink tubing (Zeus Dual-Shrink®) consisting of two layers: when heated, an outer layer of PTFE shrinks while an inner layer of Teflon-FEP melts and flows to encapsulate the fiber. This was achieved by rolling pieces of heatshrink tubing containing the PZT fibers on a hot plate. After cooling off, the PTFE layer was mechanically stripped, leaving only a uniform, approximately 0.3 mm thick, FEP layer, as shown in Figure 6 . Because of the heat required to melt the FEP, fibers subjected to this treatment were poled after the polymer encapsulation, so as not to risk depoling them while they were placed on the hot plate. Because the fibers are rigid, the manipulation enhancement afforded by the polymer cladding could not be directly tested. For the purpose of that test, 0.25 mm-diameter solid-core flexible fibers were similarly coated with the FEP layer. Figure 7 shows how such a fiber can be easily bent without breakage, which would be impossible to do on a bare fiber. This experiment only serves to illustrate the feasibility of coating flexible fibers with a polymer cladding to improve their mechanical properties and to facilitate their handling (and potential incorporation into fabrics via, for example, weaving) without the risk of breaking them. This particular treatment of applying an FEP layer is not meant to be the standard method by which to achieve increased ruggedness: the polymer layer is too thick to be really practical and, more importantly, the FEP adheres poorly to the nickel electrode, thereby reducing the amount of mechanical strain transmitted to the PZT. 
Electromechanical Characterization
The capacitance of the electroded and poled fibers was measured with an impedance analyzer (HP 4194A) over the 100 Hz -5 kHz frequency range, where it was found to be constant within 3%, and it was used to compute the dielectric coefficient: e X 33 = 6.8 x 10 -9 F⋅m -1 (which is about 40% of the textbook value for bulk PZT 5A). The d 31 coefficient was then measured over the 100 Hz -2 kHz frequency range with a laser Doppler vibrometer (Polytec CLV), through the inverse piezoelectric effect: an ac voltage was applied to an unconstrained fiber and its end displacements were measured by the vibrometer. These measurements yielded a value of d 31 = -105 x
10
-12 m⋅V -1 (about 55% of the textbook value), constant over the frequency range. Finally, the elastic compliance was obtained by measuring the fundamental longitudinal resonance frequency of a 151-mm long fiber (without the polymer cladding). This was accomplished by exciting the fiber with a piezoelectric shaker (to which the fiber was glued in a vertical position) and by measuring the displacement at the free end with the laser vibrometer. The resonance was measured to be 4935 Hz, corresponding to a Young's modulus value of 66.6 GPa (2% uncertainty) or an elastic coefficient of 15.0 x 10 -12 m 2 ⋅N -1 . This value represents s D 11 , as the measurements were performed under open circuit conditions, and it is essentially the textbook value for PZT 5A. One should note that the manufacturer estimates the fiber theoretical electromechanical properties values to be between 65% and 75% of those of the bulk material (due to the manufacturing process). Therefore, our measured values of the piezoelectric and dielectric coefficients are somewhat lower than one would expect. This may be due to imperfections in the electrodes and suggests that the quality of the deposition process be improved.
Vibration Testing
The experimental setup used to measure the electromechanical performance of the fibers is inspired by previously published work [16] and is depicted in Figure 8 . A 23 cm long, 6.5 mm thick aluminum beam was clamped at one end and excited at its fundamental resonance by a piezoelectric shaker. The hollow fibers to be tested were cut to a length of 3 cm and epoxied near the clamped end of the beam. A PFC sensor (PFC W-14, comprised of 35 solid core, 0.25 mm diameter PZT 5A fibers), cut to the same length, was also epoxied next to the fibers, for comparison purposes. Finally, a strain gauge was attached to the same area of the beam to monitor the strain. The advantage of this setup is that it provides a repeatable, well-defined and easily measured mechanical excitation to the sensors under test. The fundamental resonance frequency of the beam was measured to 117 Hz with the laser vibrometer, which was also used to verify that the beam was not undergoing any torsional motion and that its deformation was uniform across the width. These checks indicated that all the fibers and the PFC sensor were subjected to the same strain, measured to be 2.5 µε. Note that the strain is identical for all the sensors at their contact point with the beam, but that a correction factor needs to be applied to the measured voltage outputs, to take into account the fact that the hollow fibers and the fibers inside the PFC sensor experience different intrinsic strains due to their different diameters. As expected, the fiber performs better than the PFC sensor: its energy density (normalized energy per unit volume of piezoelectric ceramic, a quantity purely dependent on the intrinsic electromechanical properties of the material, as demonstrated by Eq. (2)) is twice as large as that of the commercial sensor. This is attributed to the fact that the electrodes are in direct contact with the PZT and that the capacitance and piezoelectric coefficient are therefore maximized. It is interesting to note that these advantages overcome the fact that the fiber relies on the less effective d 31 mode. On the other hand, the voltage output of hollow fibers coated with the FEP polymer was reduced by about 40% with respect to that of their bare counterparts. This indicates that the polymer cladding encapsulation procedure needs to be optimized (in terms of layer thickness and, more importantly, in terms of adhesion to the electrodes) with the goal of achieving mechanical properties and strain transmission performance comparable to those of optical fiber cables, where the presence of the cladding does not significantly reduce the amount of external strain transmitted to the glass core [17] . One should also note that the strain transmission properties of the polymer cladding are only relevant in some situations, such as the test procedure described above, where the fibers are glued along their length to the vibrating structure (the aluminum beam). In applications where, for example, the fibers ends are attached to fixed points and a load is applied to the fiber, the ceramic core will fully undergo the applied strain without any reduction caused by the presence of the cladding. A wind banner represents such an example.
CONCLUSION
In summary, hollow PZT fibers produce twice as much energy density as current state-of-the-art flexible PFC sensors. This validates the approach of depositing electrodes directly onto individual fibers and using these fibers as the building block for flexible energy harvesters and piezoelectric fabrics. Further work will focus on testing smaller diameter http://www.jeffjournal.org Volume 8, Issue 1 -2013 and longer fibers as well as identifying a reliable coating method that will improve the polymer cladding properties, with the ultimate goal of developing integrated methods for spinning and coating electroded PZT fibers.
